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LIGHTING DEVICE COMPRISING PUMP
LIGHT SOURCE, PHOSPHOR

ARRANGEMENT AND FILTER
ARRANGEMENT

FIELD OF THE INVENTION

The invention relates to a lighting device comprising a
pump light source, a phosphor arrangement for converting at
least part of the pump light into conversion light, and a filter
arrangement, for spectrally filtering the conversion light. The
invention also relates to amethod for operating such a lighting
device.

Such a lighting device can be used, in particular, as a
light-generating unit in a projector, €.g. for video projectors or
data projectors.

BACKGROUND OF THE INVENTION

The prior art discloses lighting devices for projection appli-
cations which comprise a phosphor arrangement having one
or a plurality of phosphors. In this case, said lighting devices
comprise a pump light source, which excites the phosphor to
emit light having a different wavelength than the pump light
wavelength (wavelength conversion of the pump light by
means of phosphor). By means of suitable deflection of the
pump light and the light emitted by the phosphor (conversion
light), these two light beams can be brought together col-
linearly and fed to the imaging system.

Laser diodes are preferably used as the pump light source.
In this case, the technology 1s also known by the designation
LARP (*Laser Activated Remote Phosphor™). In order to
distribute the laser power over a larger area on average over
time and thus to reduce thermal quenching of the phosphor,
inter alia, the at least one phosphor 1s usually applied to a
wheel that rotates during operation. The lighting device thus
emits light as a sequential succession of the spectrally differ-
ent conversion light and, if appropnate, additionally the pump
light, which, given a suificiently rapid succession, are per-
ceived as mixed light or, 1n combination with an imaging unit,
as a color 1image.

Projectors are used for various applications that make dii-
ferent requirements of the technical lighting properties of the
light from the light-generating unit. The spectral composition
of this light determines the color rendering properties thereof
and also the color space that can be represented therewith. For
data projection, inter alia a bright white background 1s essen-
tial for text or graphical representations, compromises in the
color rendering being acceptable. In home cinema applica-
tions, by contrast, the best possible color rendering with bril-
liant colors 1s sought. Therefore, specific projectors with
phosphor wheels and filter wheels adapted to the envisaged
(main) application are offered. In this case, the spectrum of
the individual light colors of the projector (“color channels™)
1s determined and defined by the spectral properties of phos-
phor wheel and filter wheel rotating synchronously therewith.
The luminous flux proportions of the color channels are
defined by the segmentation of the different phosphors on the
phosphor wheel and filter segments on the filter wheel. It 1s
not possible to change the spectral properties of the projector
during operation. Adaptation 1s generally possible only by
exchanging the phosphor wheel and/or filter wheel. In this
regard, projectors for home cinema applications require a
larger red phosphor segment and/or additionally filtering 1n
the direction of deep red. By contrast, larger green phosphor
and yellow phosphor segments are customary for data pro-
jection.
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The document CN 102385233 A discloses a lighting
device for a projector comprising a pump laser, a phosphor

wheel for the wavelength conversion of the pump laser light
into conversion light, and a filter wheel, for spectrally filtering
the conversion light. The pump laser light 1s directed onto the
phosphor wheel with the aid of a dichroic mirror. The con-
version light reflected back from the phosphor wheel passes
through the dichroic mirror and impinges on the filter wheel.
The pump laser light can pass through a transparency segment
in the phosphor wheel and 1s fed to the dichroic mirror via a
wraparound loop. The dichroic mirror retlects the pump laser
light to the filter wheel. The filter wheel and the phosphor
wheel are arranged on a common axis and thus rotate at the
same speed.

SUMMARY OF THE INVENTION

One object of the present invention 1s to specily a lighting
device, 1n particular a lighting device for projection applica-
tions, which makes it possible to change the technical lighting
properties, 1 particular the luminous flux and the spectral
composition of the light, during operation.

This and other objects are attained 1n accordance with one
aspect of the present invention directed to a lighting device,
comprising a pump light source, a phosphor arrangement,
wherein the phosphor arrangement has at least one phosphor
clement which can be irradiated with the pump light of the
pump light source and re-emits said pump light at least partly
in a wavelength-converted manner, and wherein the phosphor
arrangement 1s arranged 1n a moveable manner 1n a beam path
of the pump light source, a filter arrangement, wherein the
filter arrangement has at least one filter element which can be
irradiated with the wavelength-converted light, and wherein
the filter arrangement 1s arranged 1n a moveable manner 1n a
beam path of the wavelength-converted light, a movement
unit which 1s designed to move the phosphor arrangement and
the filter arrangement with a fixed phase relationship between
the at least one phosphor element and the at least one filter
clement, and a phase control unit for controlling the phase
relationship between the at least one moving phosphor ele-
ment and the at least one moving filter element.

The features described below for the lighting device
according to an embodiment of the mvention and for the
possibilities for configuration thereot and the advantages of
said features also hold true, insofar as applicable 1n an analo-
gous manner for the method according to an embodiment of
the invention, and vice versa.

The described embodiment of the mvention utilizes the
phase relationship between the moving phosphor arrange-
ment, for example a rotating phosphor wheel, and the filter
arrangement moving synchronously therewith (1.e. with a
temporally constant phase relationship), for example a rotat-
ing filter wheel, for the desired change 1n the technical light-
ing properties, 1n particular the spectral composition of the
light of the lighting device. By changing the phase relation-
ship between phosphor wheel and filter wheel, it 1s possible
according to the mnvention to control the spectrum and/or the
proportion or the power of the respective conversion light
colors.

Controlling the phase relationship comprises, 1n particular,
changing a temporal overlap between the at least one moving
phosphor element and the filter element moving synchro-
nously therewith. In this case, changing the phase relationship
can also consist 1n the fact that after the change a temporal
overlap between phosphor element and filter element 1s only
then present at all or a temporal overlap between phosphor
clement and filter element 1s no longer present. During the
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temporal overlap between a phosphor element and filter ele-
ment, the light emitted by the phosphor can pass through said
filter element and 1s thus correspondingly spectrally filtered.

It has been found that a new phase relationship between
phosphor wheel and filter wheel can be established within
approximately two seconds with the aid of a suitable move-
ment and phase control unit. It 1s thus possible to set the
brightness and the representable color space of a projector as
necessary to comply with the respective representation situ-
ation, for example by means of an operating menu available
tor the user. The quality and quantity of the possible changes
ol brightness and representable color space can be configured
by means of the phase change and the specific configuration
of phosphor wheel and filter wheel.

For this purpose, the at least one filter element can be
designed as a long-pass filter, short-pass filter, bandpass filter
or band-stop filter. The aforementioned filters can also be
provided 1n combination, that 1s to say that the filter arrange-
ment then has more than one filter element, for example two
or three. In this case, two spatially separate filter elements can
also be designed as filters of the same type. Moreover, the
filter arrangement can have a transparency element, which 1s
transparent to the pump light and the wavelength-converted
light (conversion light). Therefore, at least for the pump light
and conversion light or else for the entire visible spectrum, the
transparency element does not have spectral filter properties,
but rather has a uniformly high transmittance, preferably
close to 100%.

In principle, different embodiments and forms of move-
ment are suitable for the filter arrangement and the phosphor
arrangement. What 1s crucial 1s that the movements of filter
clement and phosphor element can be synchronized and the
phase relationship of both elements can be controlled.

The filter arrangement and the phosphor arrangement can
be designed for a linear movement, for example. For this
purpose, the filter element and phosphor element respectively
can e.g. be arranged 1n each case on a slide that 1s moveable
transversally with respect to the impinging light beam.

The phosphor arrangement and filter arrangement can also
be designed for a rotating movement.

By way of example, the phosphor arrangement and filter
arrangement can be embodied 1n each case as a roll. The
phosphor and respectively filter elements are 1n this case
arranged on the lateral surface of the corresponding roll.

Preferably the phosphor arrangement and {filter arrange-
ment are configured as a phosphor wheel and filter wheel,
respectively. The at least one phosphor element and the at
least one filter element can then be embodied as a circle-
sector-shaped or annular phosphor segment and filter seg-
ment, respectively. The phase relationship between phosphor
wheel and filter wheel can then be related for example—as
viewed 1n the direction of rotation of the wheels—to the start
of the phosphor segment and filter segment, respectively. In
other words, 1f the start of the phosphor segment and the start
of the filter segment simultaneously rotate through the
respectively impinging pump light beam and conversion light
beam, then phase difference 1s zero (maximum temporal
overlap between phosphor segment and filter segment, 1.e.
maximum spectral filtering). By contrast, i1 the filter segment
starts to rotate through the conversion light beam only when
the phosphor segment 1s already completely through the
pump light beam, then the phase difference 1s maximal (no
temporal overlap between phosphor segment and {filter seg-
ment, 1.¢. no spectral filtering). It goes without saying that any
desired mtermediate values can be set as necessary for the
phase relationship, in accordance with the desired filter etfiect.
Moreover, the phase relationship between phosphor wheel
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and filter wheel can also be defined and dimensioned differ-
ently. That holds true particularly when a plurality of phos-
phor and/or filter segments are provided. The at least one filter
segment can cover an angular range which 1s equal in mag-
nitude to the angular range covered by the at least one phos-
phor segment. Given a suitable phase relationship between
filter segment and phosphor segment, the filter segment phase
temporally overlaps the phosphor segment phase, 1.e. while
the pump light impinges on the phosphor segment of the
phosphor wheel and i1s converted, this conversion light
impinges on the synchronously moving filter segment of the
filter wheel.

Moreover, a further phosphor segment can be provided, the
angular range of which 1s equal in magnitude to or greater
than that of the at least one filter segment and/or of a further
filter segment.

The conversion of the pump light into conversion light
preferably takes place from a shorter wavelength to a longer
wavelength (“Down Conversion”™), since this does not require
additional energy. In this case, therefore, the wavelength of
the pump light 1s shorter than the wavelengths of the conver-
s1on light. For this purpose, the pump light of the pump light
source can comprise a blue laser radiation and/or blue-violet
and/or ultraviolet laser radiation.

A blue laser radiation as pump light has the advantage that
a portion unconverted can be concomitantly used as blue
light.

The phosphor arrangement preferably comprises at least
one phosphor having a dominant wavelength in the green
and/or red and/or yellow and/or blue wavelength range.

The dominant wavelength of light having a light color
(colored light) 1s defined 1n the CIE chromaticity diagram
(standard chromaticity diagram, by the point of intersection
between the straight line, extended from the white point via
the determined color locus of the colored light, and the spec-
trum locus of the closest edge of the CIE chromaticity dia-
gram. By way of example, ellicient red phosphors have a
dominant wavelength of approximately 600 nm.

A phosphor can be understood to mean any, 1n particular
solid, substance which enables wavelength conversion. The
wavelength conversion can be based on a fluorescence or
phosphorescence, for example.

The method according to the mmvention for operating a
lighting device explained above preferably comprises at least
two different selectable operating modes A and B, comprising
the following method steps:

operating mode A: setting a first phase relationship

between the at least one moving phosphor element and
the at least one filter element moving synchronously
with the phosphor element with the aid of the phase
control unait:

operating mode B: setting a second phase relationship

between the at least one moving phosphor element and
the at least one filter element moving synchronously
with the phosphor element with the aid of the phase
control unit, wherein the second phase relationship dif-
fers from the first phase relationship.

The first phase relationship corresponds to a first temporal
overlap and the second phase relationship corresponds to a
different or no temporal overlap between the at least one
moving phosphor element and the at least one filter element
moving synchronously with the phosphor element.

Operating mode A can be provided for example for data
projection, and operating mode B for home cinema projec-
tion, or vice versa.
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The control between different operating modes can be
performed 1n one step or else incrementally or else 1n a con-
tinuously progressing transition.

Moreover, the control between different operating modes
can also be 1nitiated by the image information supplied by an
image generating unit of a projector, or by some other signal.

Further advantages, features and details of the invention
are evident from the claims, the following description of
preferred embodiments and with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an exemplary embodiment of a lighting
device according to the invention comprising a phosphor
wheel and a filter wheel,

FI1G. 2a shows a first embodiment of the phosphor wheel
and filter wheel 1n accordance with the lighting device from
FIG. 1 with a first phase difference,

FI1G. 26 1s the same as FIG. 2a, but with a second phase
difference,

FIG. 3a shows a second embodiment of a filter wheel 1n a
first phase relationship with the phosphor wheel 1n accor-
dance with FIGS. 2a-5,

FIG. 3b 1s the same as FIG. 34, but with a second phase
difference,

FIG. 3¢ 1s the same as FIG. 3a, but with a third phase
difference,

FI1G. 4a shows a third embodiment of a phosphor wheel and
a filter wheel 1n a first phase relationship,

FI1G. 4b 15 the same as FIG. 4a, but with a second phase
relationship,

FI1G. 3a shows a fourth embodiment of a phosphor wheel
and a filter wheel 1n a first phase relationship,

FIG. 5b 1s the same as FIG. 3a, but with a second phase
relationship,

FIG. 6a shows a fifth embodiment of a phosphor wheel and
a filter wheel 1n a first phase relationship,

FIG. 6b 1s the same as FIG. 6a, but with a second phase
relationship,

FI1G. 7 shows a schematic profile of the emission curve of
a red phosphor and the filter curve of a long-pass filter,

FIG. 8 shows a schematic profile of the emission curve of
a green phosphor and the filter curve of a short-pass filter,

FI1G. 9 shows the schematic profile of the emission curves
of a laser diode and of a red phosphor and the filter curve of a
band-stop filter,

FI1G. 10 shows a further exemplary embodiment of a light-
ing device according to the invention comprising a phosphor
wheel and a filter wheel.

DETAILED DESCRIPTION OF THE DRAWINGS

Features that are 1dentical or of identical type may also be
designated by identical reference signs hereinafter, for the
sake of simplicity.

FIG. 1 shows a schematic illustration of a lighting device 1
in accordance with one exemplary embodiment of the imnven-
tion.

The lighting device 1 comprises a pump light source 2,
which 1s embodied as a laser diode matrix and which com-
prises a plurality of laser diodes 3 (here 1n each case including,
primary lens). The pump light source 2 1s designed to emit
light 1n the blue spectral range since, firstly, this constitutes a
suitable excitation wavelength for most phosphors. Secondly,
this makes it possible to utilize the unconverted blue laser
light as a blue light channel (B), for example of an RGB
projection unit. Therefore, the laser diodes 3 1n this exem-
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plary embodiment are chosen such that they emit pump light
in the form of blue laser radiation I, having an emission
wavelength of e.g. approximately 400-470 nm.

Via deflection mirrors 4 assigned to the laser diodes 3, the
blue laser light of said laser diodes 3 1s directed onto a phos-
phor arrangement embodied as a phosphor wheel 5, where 1t
1s converted into light having a different dominant wave-
length, for example 1nto light I, 1n the green spectral range.
For this purpose, the phosphor wheel 5 comprises one or a
plurality of different phosphors which are arranged 1n annular
segments of the phosphor wheel 5 and can be temporally
sequentially 1rradiated by the pump light 1, by means of the
rotation of the phosphor wheel 5 and can be excited by emut-
ting wavelength-converted light. The blue pump light I, emit-
ted by the laser matrix 2 1s focused onto the phosphor seg-
ments of the rotating phosphor wheel 5 with the aid of an
optical unit 6. The wavelength-converted light reflected back
from the phosphor segment rotating past below the pump
light spot 1s collimated by said optical unit 6 and coupled out
via a dichroic mirror 7 by means of retlection. For this pur-
pose, the dichroic mirror 7 1s arranged between the pump light
source 2 and the phosphor wheel 5 1n a tilting position of 45°
with respect to the beam path. Moreover, the dichroic mirror
7 1s designed to transmuit light 1n the blue spectral range and to
reflect light in the non-blue spectral range. As a result, on the
one hand, the blue pump light I, can pass through the dichroic
mirror 7 onto the phosphor wheel 5; on the other hand, the
dichroic mirror 7 couples the wavelength-converted light,
that 1s to say for example green light I ., out of the pump light
beam path perpendicularly. The dichroic mirror 7 therefore
serves here as a wavelength-selective beam splitter.

Moreover, the phosphor wheel 3 has a region that 1s trans-
parent to the blue pump light 1, for example a matenal-free
opening through which the blue pump light. I, can pass
through the phosphor wheel 5 without interaction therewith.
Alternatively, the opening can also be filled with a transparent
material. The transmitted blue pump light 15, which 1s colli-
mated by a further optical unit 8, 1s detlected via three deflec-
tion mirrors 9, 10, 11 into a so-called “wraparound” branch
and guided back to the dichroic mirror 7.

The unconverted blue pump light beam I, coming from the
“wraparound” branch passes through the dichroic mirror 7.
By contrast, the converted (=wavelength-converted) light
beam I impinging temporally sequentially on the other side
of the dichroic mirror 7 1s reflected by the dichroic mirror 7.
Since the pump light beam I,, and the conversion light beam
I impinge on the two opposite sides of the dichroic mirror 7
perpendicularly to one another and respectively at 45°, ulti-
mately the two beam paths are brought together collinearly
and focused via a further focusing lens system 6' onto a filter
wheel 12 1n this way. After passing through the filter wheel
12, the pump light I, and conversion light I - pass for spatial
superimposition (intermixing) for example into an integrator
13 of a projection module. The filter wheel 12 has at least one
filter segment 1n order to spectrally narrow or vary the gen-
erally very wide spectrum of the light wavelength-converted
by a phosphor (conversion light) and thus e.g. to optimize the
color space for the respective projection application.

A homogenizer 14 1s also disposed downstream of the laser
diode matrix 2 in order to obtain an as uniform as possible
power density distribution of the blue laser radiation b on the
phosphor of the phosphor wheel 5. So-called quenching 1s
thereby intended to be avoided or mimimized as much as
possible. Quenching i1s a reduction of the conversion effi-
ciency ol the phosphor on account of increased power density
(1intensity quenching) and/or increased temperature (thermal
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quenching). A plateau-shaped power density distribution of
the pump light on the phosphor would be 1deal.

Furthermore, a second homogenizer 15 1s provided
between the third deflection mirror 11 and the dichroic mirror
7 1n order that the blue pump light I, that passed through
phosphor wheel without being converted 1s further homog-
enized before combination with the conversion light I . or in
order to reduce speckle patterns that possibly occur in the
application. The homogenizers can also contain optical ele-
ments for beam shaping.

The phosphor wheel 5 and the filter wheel 12 are driven
synchronously by means of a phase control unit 16, 1.e. with
a fixed phase relationship, wherein the phase difference
between phosphor wheel 5 and filter wheel 12 1s adjustable.
Both the phosphor wheel § and the filter wheel 12 are caused
to rotate synchronously by means of a two-part drive unit 17,
that 1s to say with the same rotational speed.

In a variant (not illustrated) of the lighting device illus-
trated 1n FIG. 1, the wraparound loop can also be dispensed
with 11 the blue light component, like the other colored light
components as well, 1s generated by means of phosphor con-
version. In this case, the phosphor wheel has a blue phosphor
segment instead of the region that 1s transparent to the pump
light. The blue light generated by the blue phosphor upon
irradiation with pump light and the other colored light com-
ponents generated temporally sequentially by the other phos-
phor segments are coupled out toward the filter wheel by the
dichroic mirror. The optical elements required only for the
wraparound loop are thus supertluous, namely the collima-
tion optical unit 8 arranged downstream of the phosphor
wheel 5 1n FIG. 1, the three downstream 45° deflection mir-
rors 9-11 and, finally, the second homogenizer 15. Moreover,
il necessary, the wavelength of the laser diodes of the diode
matrix 2 should be suitably adapted for the excitation of the
blue phosphor. By way of example, a blue-violet laser wave-
length 1s suitable. The coatings of the dichroic mirror should
likewise be correspondingly adapted, namely such that the
wide-band blue conversion light 1s also reflected and only the
narrow-band blue-violet laser light 1s transmitted.

Referring to FIGS. 2 to §, an explanation 1s given below of
various embodiments of the phosphor wheel 5 and the filter
wheel 12 and, for example, the effect of different phase dii-
terences between phosphor wheel 5 and filter wheel 12 on the
spectral composition of the resulting useful light. In this case,
for the sake of better clarity, the phosphor wheel 5 1s 1llus-
trated within the filter wheel 12, to be precise with the phase
difference respectively set with the aid of the phase control
unit 16. As a result, 1t can easily be recognized at what loca-
tion or at what time on the filter wheel 12 there impinges a
light beam retlected back from a location on the phosphor
wheel 5 and converted by the corresponding phosphor and an
unconverted light beam via the wraparound loop. FIGS. 2a,
2b depict for elucidation purposes by way of example the blue
pump light spot I, on the phosphor wheel 5§ and the conver-
sion light spot I, on the filter wheel 12. In this respect, the
schematic 1llustrations do not necessarily correspond to the
actual size relationships, but rather serve primarily for the
simple elucidation of the respective phase relationship
between phosphor wheel 5 and filter wheel 12. For the sake of
simplicity, identical angular velocities of phosphor wheel and
filter wheel are also assumed, such that i1dentical angular
ranges correspond to identical irradiation durations of the
irradiated regions of phosphor wheel and filter wheel. The
considerations below apply to a lighting device according to
the invention both with and without a wraparound loop.

FI1G. 2a shows 1n schematic illustration a first embodiment
of the phosphor wheel 5 and the filter wheel 12 1n the lighting

10

15

20

25

30

35

40

45

50

55

60

65

8

device 1 1n accordance with FI1G. 1. The phosphor wheel S has
four annular segments, which are coated 1n this order with a
green phosphor G, ared phosphor R and a yellow phosphorY.
The fourth segment T/B 1s either transparent T, that 1s to say
allows the blue pump light I, for the wraparound loop to pass
through without being obstructed, or coated with a blue phos-
phor B (variant without wraparound loop). The filter wheel 12
has two annular segments, a long-pass filter segment r and a
transparency segment t. With regard to the filter effect of the
long-pass filter r, reference 1s made to FIG. 7 and the associ-
ated description. The respective temporal length (=angular
range o, of the associated circle sector) of the red phosphor
segment R and of the long-pass filter segment r are co-ordi-
nated here with one another such that they correspond to the
same time duration for the light beam sweeping over them
(=1dentical angular range for identical angular velocity of
phosphor wheel and filter wheel). Moreover, the phases are
co-ordinated with one another with the aid of the phase con-
trol unit 16 (ctf. FIG. 1) such that while the pump light beam
I, sweeps over the red phosphor segment R, the short-wave
component of the red conversion light I, reflected back 1s
simultaneously filtered out by the long-pass filter segment r.
The phase difference between the red phosphor segment R
and the long-pass filter segment r 1s therefore zero in this
example. As a result, the dominant wavelength shiits 1n the
direction of longer-wave red. In the case of this phase syn-
chronization, therefore, the long-pass filter segment r of the
filter wheel 12 acts as a long-pass filter for the red light
converted by the red phosphor segment R. The red phosphor
segment R 1s therefore completely covered by the long-pass
filter segment r of the filter wheel 12. The remaining light
colors, that 1s to say the unconverted (with wraparound loop),
and converted (without wraparound loop) blue light and the
yellow and green light respectively converted by the yellow
phosphor segment Y and green phosphor segment G, pass
through the transparency segment t of the filter wheel 12, that
1s to say remain spectrally unfiltered. With this setting of the
phases of phosphor wheel 5 and filter wheel 12 (namely 1n
phase, 1.e. the phase difference between red phosphor seg-
ment R and long-pass filter segment r 1s zero) therefore, the
red component 1s reduced (since only the long-wave compo-
nent can pass through the long-pass filter), but otherwise the
integral luminous flux remains maximal.

FIG. 25 1llustrates a changed phase relationship compared
with FIG. 2a. Here the red light I, coming from the red
phosphor segment R of the phosphor wheel 5 passes through
the transparency segment t of the filter wheel 12, that 1s to say
remains spectrally unfiltered. Rather, the long-pass filter seg-
ment r begins with the yellow phosphor segment Y directly
following the red phosphor segment R and therefore filters
out the short-wave part of the yellow light. However, since the
yellow phosphor segment Y 1s temporally longer than the
long-pass filter segment r (angular range p of the circle sector
associated with the yellow phosphor segment Y 1s larger than
the angular range ), only part of the yellow light phase 1s
filtered. With this setting of the phases of red phosphor seg-
ment R and long-pass filter segment r (namely phase-shifted
here 1n the direction of rotation such that red phosphor seg-
ment R and long-pass filter segment r do not overlap), the
integral luminous flux 1s reduced compared with the phase
setting 1llustrated 1n FIG. 2a. However, the red component 1s
higher. The remaining light colors, that 1s to say the uncon-
verted (with wraparound loop) and converted (without wrap-
around loop) blue light and the green light converted by the
green phosphor segment G, pass through the transparency
segment t, that 1s to say remains spectrally unfiltered in the
same way as the red light.
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In the case of the configuration 1llustrated schematically in
FIGS. 3a to 3¢, the phosphor wheel 5 1s unchanged. On the
filter wheel 12, however, a short-pass filter segment g 1s also
arranged opposite the long-pass filter segment r. With regard
to the filter effect of the short-pass filter g, reference 1s made
to FIG. 8 and the associated description.

The phase relationship illustrated in FIG. 3a substantially
corresponds to that from FIG. 24, that 1s to say that the phase
difference between the red phosphor segment R and the long-
pass filter segment r 1s zero. The short-pass filter segment g
simultaneously covers the same angular range a as the trans-
parency region T/A of the phosphor wheel 5 (corresponds to
the blue light segment). Since the short-pass filter segment g
allows the short-wave blue light to pass through without being
obstructed, the blue light remains spectrally unfiltered. The
overall effect therefore corresponds to that from FIG. 2a.

The setting of the phases of the phosphor wheel 5 and of the
filter wheel 12 as shown 1n FIG. 35 corresponds to the setting
shown 1n FI1G. 256 for the red region. The effect with regard to
the red phosphor segment R and the long-pass filter segment
r 1s therefore likewise 1dentical. In addition, however, the
long-wave part of the green light 1s filtered away by the
short-pass filter segment g during part of the green light phase
(corresponding to the angular range ). As a result, the domi-
nant wavelength of the green conversion light becomes
shorter-wave. During the remaining duration of the green
light phase (corresponds to the angular range 3 minus ), the
green light passes through the transparency region t of the
filter wheel 12, that 1s to say remains unfiltered. The overall
cifect gives rise integrally to a——compared with FIG.
3a—Ilower luminous flux with filtered green component but
more red component.

FI1G. 3¢, finally, illustrates a setting for which the phase
difference between the red phosphor segment R and the long-
pass lilter segment r corresponds to a centre setting between
the settings shown 1n FIGS. 3aq and 3b, respectively. The
temporal overlap of red phosphor segment R and long-pass
filter segment r corresponds to the angular range v of the
overlapping circle sector. This overlapping angular range v 1s
smaller than the total angular range a of the circle sector
corresponding to the red phosphor segment R or the long-pass
filter segment r. The remainder . minus vy of the total angular
range a of the long-pass filter segment r overlaps the corre-
sponding part of the yellow phosphor segment Y. Such an
intermediate setting can, of course, also be set in the case of
the variant with only one filter segment as illustrated in FIG.
2a, b. The short-pass filter segment g overlaps the green
phosphor segment G in the angular range 0. The remainder .
minus 0 of the total angular range o of the short-pass filter
segment g overlaps the corresponding part of the blue light
segment 1T/B. The overall effect gives rise integrally to a
luminous flux with red, yellow and green components filtered
at times.

In the configuration illustrated schematically in FIGS. 4a
and 456, 1n a manner similar to that in FIGS. 3a-c¢ the filter
wheel 12 has, 1n addition to a transparency segment t both a
long-pass filter segment r and a short-pass filter segment g.
However, the two filter segments r and g are not arranged
opposite one another but rather alongside one another. The
phosphor wheel 5 has only a red phosphor segment R, a
yellow phosphor segment Y and a transparent blue light or
blue phosphor segment T/B.

FI1G. 4a illustrates a phase relationship 1n which the red
phosphor segment R and the long-pass filter segment r, which
both occupy the same angular range €, completely overlap
temporally. The directly following short-pass filter segment
g, which occupies the angular range m overlaps part of the
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yellow phosphor segment Y, which occupies the major azi-
muthal proportion of the phosphor wheel 5 (angular range u
greater € plus 1). The remainder of the yellow phosphor
segment Y and the blue light or blue phosphor segment T/B
impinge on the transparency segment t of the filter wheel 12,
that 1s to say do not experience spectral filtering. In this
setting, the overall eflect results integrally 1n a maximum
luminous flux with reduced red component and yellow com-
ponent filtered at times.

In the case of the phase relationship shown in FIG. 45, the
long-pass filter segment r begins only after the end of the red
phosphor segment R, 1.e. the red component remains unfil-
tered. In return, the long-pass filter segment r overlaps part of
the yellow phosphor segment Y. The directly following short-
pass filter segment g likewise overlaps part of the yellow
phosphor segment Y. A respective part of the yellow luminous
flux 1s therefore filtered by the long-pass filter segment r and
short-pass filter segment g. In this setting, compared with the
setting shown 1n FIG. 4a, the overall effect results integrally
in a reduced luminous flux, but with a greater red component
of the emitted light.

In the configuration illustrated schematically in FIGS. 5a
and 5b, the filter wheel 12 corresponds, in principle, to that
shown 1 FIGS. 4a-b. However, here the short-pass filter
segment g extends over halt of the filter wheel 12, that 1s to say
that the associated angular range 1s 180°. The adjoining long-
pass filter segment r 1s dimensioned such that the remaining
transparency segment t of the filter wheel 12 covers the same
angular range A as the blue light or blue phosphor segment
T/B of the phosphor wheel 5. The remainder of the phosphor
wheel 5 1.e. the angular range 360° minus A 1s covered by a
yellow phosphor segment Y. A BY phosphor wheel 1s there-
fore imvolved here.

In the case of the phase relationship shown in FIG. 34, the
short-pass filter segment g begins with the blue light or blue
phosphor segment 1/B of the phosphor wheel 5 and extends
over afirst part of the yellow phosphor segmentY. the remain-
ing 180° angular range of the yellow phosphor segment Y 1s
overlapped by the long-pass filter segment r apart from the
angular range A. In other words, only the angular range A of
the yellow phosphor segment Y remains spectrally unfiltered.
The short-wave blue light impinging on the short-pass filter
segment g during the blue light segment 1/B likewise passes
through the short-pass filter 1n a spectrally unfiltered manner.
In this setting, the overall effect results integrally 1n a maxi-
mum luminous flux with a yellow component filtered at times
by the short-pass filter segment g and long-pass filter segment
I.

In the case of the phase relationship shown in FIG. 35, the
blue light or blue phosphor segment T/B of the phosphor
wheel 5 and the transparency segment t—covering the same
angular range A—of the filter wheel 12 completely overlap.
As a result, the vellow phosphor segment Y over 1ts total
angular range (360° minus A) also overlaps the short-pass
filter segment g and the directly following long-pass filter
segment r. Theretfore, the overall effect results integrally 1n a
lower luminous flux than in the case of the setting shown 1n
FIG. Sa, but with more green component.

In the configuration illustrated schematically in FIGS. 6a
and 6b, the filter wheel 12 has a transparency segment t, a
short-pass filter segment g and a band-stop filter o. With
regard to the filter effect of the band-stop filter o, reference 1s
made to FIG. 9 and the associated description. The phosphor

wheel 5 additionally has a green phosphor segment G com-
pared with the phosphor wheel shown in FIG. 5a, 5. A BYG
phosphor wheel 1s therefore mvolved.
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In the case of the phase relationship shown i FIG. 6a, the
short-pass filter segment g completely overlaps the green
phosphor segment G and partly overlaps the blue light or blue
phosphor segment 1/B. The entire green light phase 1s there-
tore filtered. The short-wave blue light can pass through both
the short-pass filter and the band-stop filter, that 1s to say
remains spectrally unfiltered. Part of the following yellow
light phase 1s filtered by the band-stop filter. The remainder of
the yel.

ow light phase remains spectrally unfiltered by virtue
of the following transparency segment t of the filter wheel.
Overall, the result 1n this position 1s a maximum luminous
flux with a great yellow component.

In the case of the phase relationship shown in FIG. 65, the
yellow phosphor segment Y completely overlaps the band-
stop filter o and the major proportion of the short-pass filter g,
that 1s to say that the yellow light phase 1s completely filtered.
The transparency segment t completely overlaps the green
phosphor segment G and the major proportion of the blue
light or blue phosphor segment T/B, that 1s to say that both the
green light phase and the blue light phase remain spectrally
unfiltered. Overall, 1n this position the result 1s a lower lumi-
nous tlux compared with FIG. 6a, without a yellow compo-
nent, but in return with more red and green.

FI1G. 7 schematically shows the emission curve 20 of ared
phosphor and an 1dealized filter curve 21 of a long-pass filter.
For this purpose, on the Y-axis the light power L, emitted by
a red phosphor 1s plotted schematically against the wave-
length A. For the filter curve 21, the 1dealized transmission T
1s plotted as a function of the wavelength A.. In this exemplary
example 1t can be seen that the long-pass filter blocks the
short-wave part of the emission spectrum 20 of the red phos-
phor and transmits only the longer-wave part. In this case, real
filters do not, of course, have an 1dealized staircase function.
This also applies to the following examples 1n FIGS. 8-9.

FIG. 8 schematically shows the emission curve 22 of a
green phosphor and the filter curve 23 of a long-pass filter. It
can be seen here that the short-pass filter blocks the long-wave
part of the emission spectrum 22 of the red phosphor and
transmits only the shorter-wave part.

FIG. 9 schematically shows the emission curves 24, 25 of
a blue laser diode and of a red phosphor, respectively, and the
filter curve 26 of a band-stop filter. It can be seen here that the
band-stop filter transmits the short-wave blue laser light 24
and longer-wave part of the emission spectrum 25 of the red
phosphor and blocks only a narrow wavelength range that
substantially coincides with the shorter-wave part of the
emission spectrum 25 of the red phosphor.

FIG. 10 shows a schematic 1llustration of a variant 100 of
the exemplary embodiment of the lighting device according,
to the mvention as illustrated 1n FIG. 1. This variant differs
from the exemplary embodiment 1illustrated 1n FIG. 1 sub-
stantially 1n that the position of pump light source 2 (laser
diode matrix including deflection mirror and first homog-
cnizer) and filter wheel 12 (including focusing lens system 6
and optical integrator 13) are interchanged. Moreover, the
coating of the dichroic mirror 107 1s correspondingly
adapted, namely retlective to the blue laser radiation 15 and
transparent to the conversion light, for example the green
light I .. The blue laser light 1, 1s thus reflected by the dichroic
mirror 107 onto the phosphor wheel 5. The conversion light
[ . coming from there passes through the dichroic mirror 107
and 1s focused onto the filter wheel 12 with the aid of the
focusing lens system 6'. The blue laser light I, coming from
the wraparound loop 1s focused by the dichroic mirror 107
onto the filter wheel 12. Following the filter wheel 12, the
respective colored light components pass temporally sequen-

tially into the optical integrator 13 or some other optical

10

15

20

25

30

35

40

45

50

55

60

65

12

system. The remaining elements and the arrangement thereof
in the lighting device 100 shown 1n FI1G. 10 do not differ from
the lighting device 1 shown 1n FIG. 1. In particular, the phase
control between phosphor wheel 5 and filter wheel 12 by
means of the phase control unit 16 1s also unchanged. In this
respect, the embodiments of the phosphor wheel 5 and filter
wheel 12 as shown 1n FIGS. 24-65 and also their different

phase relationships can also be used for the lighting device
100 shown in FIG. 10.

It goes without saying that the above-explained embodi-
ments ol phosphor wheel and filter wheel and also the respec-
tive phase relationships shown are merely exemplary 1n char-
acter and further modifications that nevertheless fall within
the claimed scope of protection are furthermore concetvable.

The filter wheel can also be arranged directly upstream of
the reflection side of the phosphor wheel. The filter wheel and
the phosphor wheel can also be arranged on the same axis of
rotation, provided that a control of the phase relationships
between both wheels 1s possible. It i1s also possible to provide
a plurality of filter wheels 1n a serial arrangement with sepa-
rately adjustable phase relationships with respect to the phos-
phor wheel and/or with respect to the other filter wheels.

The mnvention claimed 1s:

1. A lighting device, comprising;:

a. a pump light source;

b. a phosphor arrangement,

1. wherein the phosphor arrangement has at least one
phosphor element which can be irradiated with the
pump light of the pump light source and re-emits said
pump light at least partly 1n a wavelength-converted
manner, and

11. wherein the phosphor arrangement 1s arranged 1n a
moveable manner in a beam path of the pump light
SOUrce;

c. a filter arrangement,

1. wherein the filter arrangement has at least one filter
clement which can be 1rradiated with the wavelength-
converted light; and

11. wherein the filter arrangement 1s arranged 1n a move-
able manner 1n a beam path of the wavelength-con-
verted light;

d. a movement unit which 1s configured to move the phos-
phor arrangement and the filter arrangement with a fixed
phase relationship between the at least one phosphor

element and the at least one filter element; and

¢. a phase control unit for controlling the phase relationship

between the at least one moving phosphor element and

the at least one moving {ilter element,

wherein the moveable phosphor arrangement 1s a rotat-
able phosphor wheel and the moveable filter arrange-
ment 1s a rotatable filter wheel, and

wherein the phase control unit 1s adapted for changing
the phase relationship between phosphor wheel and
filter wheel.

2. The lighting device as claimed 1n claim 1, wherein the at
least one filter element 1s a long-pass filter, short-pass filter,
band-stop filter or bandpass filter.

3. The lighting device as claimed 1n claim 2, comprising,
one or a plurality of further filter elements configured as
filter(s) from the group of filters mentioned 1n claim 2.

4. The lighting device as claimed 1n claim 1, wherein the
filter arrangement has a transparency element, which 1s trans-
parent to the pump light and the wavelength-converted light.

5. The lighting device as claimed 1n claim 1, wherein the at
least one phosphor element and the at least one filter element
are circle-sector-shaped or annular phosphor segment and
filter segment, respectively.
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6. The lighting device as claimed 1n claim 5, wherein the at
least one filter segment occupies an angular range which 1s
equal 1n magnitude to the angular range of the at least one
phosphor segment.

7. The lighting device as claimed 1n claim S, wherein the
angular range of the at least one filter segment 1s smaller than
the angular range of a further phosphor segment.

8. The lighting device as claimed 1n claim 1, wherein the
pump light of the pump light source comprises blue laser
radiation and/or blue-violet and/or ultraviolet laser radiation.

9. The lighting device as claimed 1n claim 1, wherein the
phosphor arrangement comprises at least one phosphor which
comprises a dominant wavelength 1n the green and/or red
and/or yellow (Y) and/or blue (B) wavelength range.

10. A method for operating a lighting device as claimed 1n
claim 1, with at least two different selectable operating modes
tor which the following holds true:

a. operating mode A: setting a first phase relationship

between the at least one moving phosphor element and
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the at least one filter element moving synchronously
with the phosphor element with the aid of the phase
control unait;

b. operating mode B: setting a second phase relationship
between the at least one moving phosphor element and
the at least one filter element moving synchronously
with the phosphor element with the aid of the phase
control unit, wherein the second phase relationship dif-
fers from the first phase relationship.

11. The method as claimed 1n claim 10, wherein the first
phase relationship corresponds to a first temporal overlap and
the second phase relationship corresponds to a different or no
temporal overlap between the at least one moving phosphor
clement and the at least one filter element moving synchro-
nously with the phosphor element, and wherein the light

emitted by the atleast one phosphor element can pass through
said filter element during the temporal overlap.

12. A projector comprising the lighting device as claimed
in claim 1.
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